The Pseudomonas quinolone signal (PQS) is a multifunctional quorum sensing molecule of key 22 importance to the P. aeruginosa metabolism. We here describe that the lytic Pseudomonas bacterial 23 virus LUZ19 targets this population-density-dependent signaling system by expressing quorum 24 sensing-associated acyltransferase (Qst) during early infection. Qst interacts with a key biosynthesis 25 pathway enzyme PqsD, resulting in decreased metabolites levels of PQS and its precursor 2-heptyl-26 4(1H)-quinolone. The lack of a functional PqsD enzyme impairs the normal LUZ19 infection but is 27 restored by external supplementation of 2-heptyl-4(1H)-quinolone, showing that LUZ19 exploits PQS 28 to successfully achieve its infection. A functional interaction network, which includes enzymes of the 29 central carbon metabolism (CoaC/ThiD) and a novel non-ribosomal peptide synthetase pathway 30 (PA1217), suggests a broader functional context for Qst, which blocks P. aeruginosa cell division. Qst 31 represents an exquisite example of intricate reprogramming of the bacterium, which may be exploited 32 towards antibiotic target discovery for this bacterial pathogen. 33
5 mechanisms in phages are known to interfere with PQS signaling. Nevertheless, a recent observation 85 by our group hints at an important role of the PQS signal in the host response to phage infection 86 (Blasdel et al., 2018; De Smet et al., 2016) . 87
Phage LUZ19 is a podovirus of the Autographivirinae subfamily, for which the genome organization has 88 been intensely studied (Lavigne et al., 2013) . We here show that a protein expressed during early 89 infection, Gp4 (termed Qst, 'quorum sensing-associated acyltransferase), modulates the PQS levels in 90 the host, resulting in toxicity and metabolic reprogramming. This function is associated with 91 acyltransferase activity and is achieved by a complex interaction network, in which Qst interacts with 92 enzymes of both central carbon metabolism and two signaling molecule biosynthesis pathways: i) the 93 well-known quorum sensing molecule PQS and ii) a predicted non-ribosomal peptide (the PA1221 94 cluster; Gulick, 2017) . The interacting protein of the latter pathway is also able to neutralize the 95 antibacterial effect of Qst, hinting a phage-mediated effect on cell signaling. The further exploration 96 of these novel phage-host interactions may lead to insights that could aid in the development of new 97 antibacterial therapies targeting quorum sensing (Fetzner, 2015) . 98 6
Results

99
An early-expressed phage LUZ19 protein shows antibacterial activity in P. aeruginosa, which is 100 complemented by the hypothetical protein PA1217 101 During a screen for growth-inhibitory ORFans in P. aeruginosa PAO1-infecting phages, the early 102 expressed protein Gp4 of phage LUZ19 (referred to hereafter as Qst) was identified (Wagemans et al., 103 2014) . Upon induction of Qst, P. aeruginosa growth was completely abolished ( Figure 1A ) and a 104 filamentous growth type was observed ( Figure 1B) . Interestingly, this toxicity is rather specific, as E coli 105 MG1655 cells grew normally after episomal expression of Qst. Qst has a predicted molecular weight 106 of 13 kDa, has no conserved domains and is only found in Kmvvirus phages. 107
To study the mechanisms underlying this toxicity, we performed a complementation screen to identify 108 bacterial proteins that can alleviate this toxic effect upon overexpression. The twenty confirmed 109 positive clones containing random P. aeruginosa PAO1 genome fragments all matched to a single locus 110 in the Pseudomonas genome, with five different fragments that overlapped by 3,227 bp (position 111 1,316,424-1,319,651 bp, minus-strand) encoding two putative ORFs, PA1216 and PA1217. After 112 individual cloning into a Pseudomonas expression vector and expression of PA1216 or PA1217 in the 113 Qst expressing P. aeruginosa PAO1 strain, a spot test and microscopic analysis revealed that 114 overexpression of PA1217 can partially complement the toxic effect of the phage protein on the host 115 cells ( Figure 1A To test whether the antibacterial effect of Qst was due to direct protein-protein interaction with 126 PA1217, we performed both in vitro and in vivo interaction analyses. First, a native gel mobility shift 127 assay with an equal amount of recombinant PA1217 and an increasing amount of Qst protein displayed 128 a small but distinct shift in PA1217 migration in presence of Qst. Excising and loading the shifted band 129 8 coenzyme A lyase)-like domain. However, the HMGL-like domain alone (residues 1-259) did not appear 138 to bind Qst, perhaps due to lack of proper folding of this fragment ( Figure 2C 
156
Error bars represent standard deviation and P-values (compared to both combinations with empty counterparts) 157 were calculated using the Student's t-test (n=3), *p<0.05, **p<0. 01.
158
Qst and its interaction partner PA1217 both show acyltransferase activity 159
The P. aeruginosa protein PA1217 is predicted as a probable 2-isopropylmalate synthase, containing 160 an HMGL-like domain (residues 1-259; Pfam, E-value: 1.2e-61). Isopropylmalate synthases belong to 161 the DRE-TIM metallolyase superfamily, which share a TIM-barrel fold, an HXH divalent metal binding 162 motif and a conserved active site helix (Casey et al., 2014) . In P. aeruginosa one functional homolog is 163 known, LeuA, which catalyzes the first step in leucine biosynthesis. To verify the 2-isopropylmalate 164 synthase activity, acetyl-Coenzyme A to Coenzyme A (CoA) conversion was assayed in vitro (Roucourt 165 et al., 2009) . Although both the positive control LeuA and PA1217 showed transferase activity, the 166 activity of PA1217 was markedly lower, suggesting the absence of its natural substrate ( Figure 3) . uncharacterized non-ribosomal peptide synthetase (NRPS) cluster (Gulick, 2017) , controlled by 170 quorum sensing regulation and producing a potential novel cell-to-cell signaling molecule, which may 171 explain the lack of 2-isopropylmalate synthase activity as it possibly functions in the modification of 172 the non-ribosomal peptide and has therefore alternative substrate specificity. Also in other NRPS 173 clusters, homologs of 2-isopropylmalate synthases are identified (Jenul et al., 2018; Rouhiainen et al., 174 2010) . 175
Based on the interaction analysis, we tested a possible inhibitory effect by Qst on the enzymatic activity 176 of PA1217. Surprisingly, however, we observed that Qst was also able to consume acetyl-CoA, and a 177 Qst/PA1217 combination showed additive enzymatic activity (Figure 3 showing that Qst indeed affects acyltransferase metabolism. This reduction in cofactor precursors 204 could be the result of potential overconsumption of acyl carrier factors (indirect effect) or a potential 205 overactivation of biosynthesis enzymes (through direct interaction). Within this context it is interesting 206 to note that 4-phosphopantetheine is also an essential cofactor for peptidyl carrier proteins, like the 207 NRPS PA1221 belonging to the same secondary metabolite biosynthesis gene cluster as PA1217 208 (Mitchell et al., 2012) . Furthermore, the CoA biosynthesis pathway is known to influence the thiamine 209 biosynthesis pathway, which could explain the increase of the cofactor thiamine pyrophosphate 210 ). This was the first indication that LUZ19 may encode a protein which prevents PQS production 347 on the post-transcriptional level or exploits this system to support its infection, and our results reveal 348 that Qst is the responsible protein. Since a functional PqsD enzyme is important for efficient LUZ19 349 18 infection, it can be hypothesized that LUZ19 not specifically tackles host response but rather uses the 350 PQS biosynthesis system to create a favorable environment for phage production, for example by 351 changing the PqsD activity or its products through acylation by a still unknown mechanism. Indeed, 352 external supplementation of the quorum sensing molecule to P. aeruginosa cells lacking PqsD restored 353 normal LUZ19 infection. 354 PA1217 is also part of a predicted signaling molecule biosynthesis pathway, namely the NRPS cluster 355 PA1221 (Gulick, 2017) . It can therefore also be hypothesized that there is a link between these two target quorum sensing to counter the bacterial defense mechanism or to create a favorable 366 environment for phage infection has, to our knowledge, never been observed. The fact that Qst targets 367
PqsD is even more intriguing, as this enzyme catalyzes the last and key step in HHQ biosynthesis, which 368 make it a widely studied anti-virulence and anti-biofilm target to combat P. aeruginosa infections 369 
Material and methods
374
Phages and bacterial strains 375
Pseudomonas aeruginosa PAO1 and derivatives were used in this study (Stover et al., 2000) . Strain 376 PAO1-R1, a lasR -lasImutant containing the pTS400 plasmid (lasB'-lacZ translational fusion), was used 377 for the PQS bioassay (Gambello and Iglewski, 1991) . Transposon deletion mutants were ordered from 378 the P. aeruginosa mutant library (Jacobs et al., 2003) : PW2799, PW2800, PW2803, PW2805, PW2806, 379 PW5343, PW8105, PW7728, PW3198. A P. aeruginosa PAO1 strain with single-copy integration of the 380 phage gene under a lac promotor into the bacterial genome was made using the Gateway cloning 381 system (Invitrogen, Carlsbad, CA), as described previously (Hendrix et al., 2019) . Three Escherichia coli 382 strains were used: E. coli TOP10 (Life Technologies, Carlsbad, CA) for cloning procedures, E. coli BTH101 383 (Euromedex, Souffelweyersheim, F) for Bacterial two-hybrid assays and E. coli BL21(DE3) (Life 384 Technologies) for recombinant protein expression. 385
P. aeruginosa PAO1 genome fragment library construction 386
A P. aeruginosa PAO1 fragment library was constructed by ligating genomic DNA fragments into the 387 pHERD20T vector (Qiu et al., 2008) . For this, restriction enzymes AluI and RsaI (Thermo Scientific, 388
Waltham, MA) were applied to fragment 37.5 µg purified genomic DNA, and restriction enzyme SmaI 389 (Thermo Scientific) was used to digest 3 µg pHERD20T vector according the manufacturer's protocol. 390
The fragments with lengths between 1.5 kbp and 4 kbp were isolated using gel extraction and 391 concentrated by ethanol precipitation. The digested vector, on the other hand, was treated with 392 alkaline phosphatase FastAP (Thermo Scientific). The ligation reaction mixture, with a total volume of 393 20 µl, contained a three-fold excess of DNA fragments compared to the pHERD20T vector (50 ng), 1 µl 394 T4 DNA ligase, 2 µl T4 buffer and 2 µl 50% PEG4000 (Merck, Kenilworth, NJ). After incubation, the 395 entire library was transformed to chemically competent E. coli TOP10 cells and the number of 396 transformants was determined. 397 20
Complementation assays 398
The P. aeruginosa PAO1 genome fragment library, containing random fragments ranging from 1.5 to 4 399 kbp inserted in a pHERD20T vector under control of a pBAD promotor, was electroporated (Choi et al., 400 2006 ) to the mutant P. aeruginosa PAO1 strain encoding qst. Cells were grown overnight at 37°C on LB 401 agar supplemented with gentamicin (30 µg/ml), carbenicillin (200 µg/ml), 1 mM isopropyl-β-D-1-402 thiogalactopyranoside (IPTG) and 0.2% L-arabinose (L-ara). Ninety-six colonies were selected and 403 checked for false positive hits by repeating the growth step on selective media. The plasmids of the 404 positive hits were isolated using the GeneJET Plasmid Miniprep Kit (Thermo Scientific) and transformed 405 afresh to the P. aeruginosa qst strain to verify if the phenotype is indeed due to the presence of the 406 fragment. After confirmation, a single colony was picked to perform a spot test. From each overnight 407 culture, a hundredfold dilution series was spotted in triplicate on LB agar with or without IPTG/L-ara 408 and overnight incubated at 37°C. To determine the location of the fragments in the P. aeruginosa 409 genome, the sequencing results were analysed with Basic Local Alignment Search Tool (BLAST; NCBI 410 (Altschul et al., 1990) ) and the Pseudomonas Genome Database (Winsor et al., 2016) . Individual genes, 411 which were located in the maximal overlap region of the identified fragments, were cloned in the 412 pME6032 vector (Heeb et al., 2002) for electroporation to the P. aeruginosa qst strain. Again, a dilution 413 series was spotted on LB with and without 1 mM IPTG and incubated overnight at 37°C. As a negative 414 control, the empty pME6032 vector was used. 415
Time-lapse microscopy 416
Microscopic analysis was performed according to a previously described procedure (Wagemans et al., 417 2014) . Briefly, an overnight culture of P. aeruginosa cells, containing a single-copy qst expression 418 construct and the multicopy expression vector pME6032 with or without bacterial gene, was diluted 419 thousand times and spotted on LB agar supplemented with gentamicin (30 µg/ml), tetracycline (60 420 µg/ml) and 1 mM IPTG. Time-lapse microscopy was performed for 5 h at 37°C with a temperature 421 controlled Nikon Eclipse Ti time-lapse microscope using the NIS-Elements AR 3.2 software (Cenens et 422 al., 2013) . 423
Protein expression and purification 424
Qst was fused to a His-tag using the pEXP5-CT/TOPO vector (Invitrogen) following the TA-cloning 425 protocol provided by the manufacturer. The bacterial protein PA1217 was fused to a GST-tag by cloning 426 it into a pGEX-6P-1 vector (GE Healthcare, Chicago, IL) using the BamHI and EcoRI restriction sites 427 (Thermo Scientific). Recombinant expression of both proteins was performed in exponentially growing 428 E. coli BL21(DE3) cells after induction with 1 mM IPTG at 30°C overnight. The proteins were purified 429 using a 1 ml HisTrap HP column (GE Healthcare) or 5 ml GSTrap HP column (GE Healthcare), depending 430 on the fused tag, on an Äkta Fast Protein Liquid Chromatography (FPLC, GE Healthcare) system, 431 followed by dialysis to storage buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl) supplemented with 5% 432 (PA1217) or 15% (Qst) glycerol and stored at -20˚C. 433
In vitro pull-down 434
A total of 250 ng of Qst was incubated with 1 ml Ni-NTA Superflow beads (Qiagen, Hilden, DE) in an 435 end-over-end shaker for 1 h at 4°C. The supernatant was removed by centrifugation at 300 g for 5 min 436 and the mixture was suspended in 10 ml pull-down buffer (20 mM Tris pH 7.5, 200 mM NaCl, 20 mM 437 imidazole). The Ni-NTA matrix was loaded on a prepared 1 ml Polypropylene column (Qiagen) and a 438 filtered P. aeruginosa cell lysate was added. For the bacterial lysate, cells were grown in 1 L LB until an 439 OD600nm of 0.6, pelleted and resuspended in 40 ml protein A buffer (10 mM Tris pH 8.0, 150 mM NaCl, 440 0.1 % (v/v) NP-40) supplemented with 40 mg HEWL and 24 mg Pefabloc®SC. Cell lysis was done by 441 three freeze-thaw cycles and sonication (40% amplitude, 8 times 30 sec with 30 sec in between). The 442 column was washed three times with pull-down buffer, after which 500 µl pull-down buffer 443 supplemented with 500 mM imidazole was added. After briefly vortexing the column and 5 min 444 incubation at room temperature, the proteins were eluted by centrifugation at 1,000 g for 5 min and 445 visualized using SDS-PAGE. The protein bands that were present in the pull-down sample but absent 446 in the control sample (without loaded Qst) were analyzed using mass spectrometry analysis as Miller assays were performed (Zhang and Bremer, 1995) . As negative controls, the constructs were co-487 transformed with their empty counterparts. Each combination was tested in triplicate. 488
CoA acetyltransferase activity assay 489
To measure acetyl-CoA dependent acetyltransferase activity of the bacterial and phage protein, an 490 end-point assay was performed as previously described The predicted α-isopropylmalate synthase activity of PA1217 was studied using 1 H-NMR (de Carvalho  501 and Blanchard, 2006) . Mixtures of 100 µg PA1217, 12 mM MgCl2, 1.1 mM 3-methyl-2-oxobutanoic acid 502 and 1 mM acetyl-CoA were incubated in 50 mM potassium phosphate buffer (pH 7.5) for 2 h at 37 °C. 503
The proteins were removed using Amicon Ultra 3K 0.5 ml centrifugal filters (Millipore, Burlington, MA) 504 according to the manufacturer's protocol. Lastly, 300 µl of D2O was added to 300 µl of the prepared 505 mixture. 1 H-NMR spectra were recorded on a Bruker Ascend 600 MHz and 400 MHz spectrometer 506 equipped with a BBO 5 mm atma probe and a sample case. To suppress the broad signal of water, an 507 adapted zgpr pulse program (p1 9.75 µs; plw1 15W; plw9 5.7-05W; o1P) was applied on the resonance 508 signal of water, which was determined and selected automatically. The experiment was repeated with 509 mixtures containing Qst, a combination of Qst and PA1217, and the positive control LeuA. 510
Metabolomics using FIA-qTOF-MS 511
Metabolites were extracted from P. aeruginosa cells and analyzed following the procedure described 512 previously (De Smet et al., 2016) . Cells were grown until an OD600nm = 0.1, 1 mM IPTG was added to 513 each culture and sampling was done every 15 min. Four strains were tested: PAO1 wild type, PAO1 514 encoding qst, PAO1 containing the multicopy expression vector pME6032 with PA1217 gene, and PAO1 515 combining the previous two strains. The samples were analysed using negative mode flow injection-516 time-of-flight mass spectrometry (FIA-qTOF). Ions were annotated with KEGG P. aeruginosa metabolite 517 lists (Kanehisa and Goto, 2000) , allowing a mass tolerance of 1 mDa and an intensity cutoff of 5000 518 counts. Raw intensities were quantile normalized (each measurement is an average of two technical 519 replicates) and fold changes were calculated for each time point between each condition and control 520 for means of three biological replicates and reported in log2. 
PQS bioassay 526
The effect of the phage and bacterial protein on the production pattern of PQS autoinducer by 527 P. aeruginosa was tested using the P. aeruginosa PAO1-R1 (pTS400) reporter strain (Van Houdt et al., 528 2004 ). First, cell-free culture supernatants from tested P. aeruginosa strains were prepared as 529 described by Van Houdt et al. (2004) with some modifications. Briefly, overnight cultures of 530 P. aeruginosa cells (over)expressing the qst and/or the PA1217 gene were diluted (1:100) in fresh LB 531 medium and grown for 21 h at 37°C. The cells were then removed by centrifugation (24,000 g) for 532 10 min and cleared supernatants was filtered using 0.22 µm Millex filter units (Millipore). Next, 2 ml of 533 the cell-free culture supernatant was mixed with 2 ml of freshly diluted (1:100) P. aeruginosa PAO1-534 R1 (pTS400) culture in PTSB medium (5% (w/v) peptone, 0.25% (w/v) trypticase soy broth), and 535 incubated for 18 h at 37°C. The production of reporter enzyme β-galactosidase was measured using 536 previously mentioned Miller assay (Zhang and Bremer, 1995) . The experiment was performed in 537 triplicate. 538 
Figure supplements
